Relativistic Electron Dynamics in the
Inner Magnetosphere — a Review

R. H. W. Friedel 2, G. D. Reeves 2, T. Obara °
2Los Alamos National Laboratory, Los Alamos, New Mexico.

bCommunications Research Laboratory, Koganei-shi, Tokyo, Japan

To appear in JASTP, accepted May 30, 2001
vol 64, issue 2, coverdate January 2002

The dynamics of relativistic electrons in the inner magnetosphere around the time of geomagnetic disturbances
have received considerable attention in recent years. In addition to the environmental impact these electrons
have on space-hardware in MEO and GEO orbits, and their obvious impact on space weather, the scientific issues
surrounding the transport, acceleration and loss of these particles in the inner magnetosphere have not been fully
resolved. One of the prime difficulties in understanding the dynamics of relativistic electrons is their somewhat
uncorrelated behavior with regard to the major solar wind drivers of the Earth’s magnetospheric dynamics (solar
wind velocity, density and magnetic field strength/direction) and the major indices representing these dynamics
(Dst, Ae, Kp). Relativistic electrons observed at geosynchronous altitude typically reach their peak several days
after the onset of a magnetic storm, and a wide range of responses can occur for seemingly similar geomagnetic
disturbances. We give here a review and comparison of the current state of research into relativistic electron
dynamics, covering simple diffusion, substorm acceleration, ULF wave acceleration and recirculation by ULF
waves or plasmaspheric hiss. We present the results of a recent statistical study which has identified the presence
of sufficient ULF wave power for a duration of at least 12 hours during a storm as being the most geoeffective
indicator of subsequent relativistic electron enhancements at geosynchronous altitudes. For completeness we also
briefly examine some of the problems and ideas related to relativistic electron losses.

1. Introduction icantly to the general knowledge of transport and
heating processes in the magnetosphere.

While this is not a new topic, the unprece-
dented density of observations of relativistic elec-
trons in the inner magnetosphere in the modern
era has led to new questions. Data from par-
ticle instruments such as on SAMPEX (Baker
et al., 1993), POLAR (CEPPAD) (Blake et al.,
1995a), GPS (BDD-II) (Feldman et al., 1985),
CRRES (MEA) (Vampola et al., 1992), LANL
geosynchronous (ESP) (Meier et al., 1996), GOES
(Space Systems Loral, 1996), and HEO (Blake

There is intense interest in isolating and under-
standing the mechanisms that contribute to the
frequently observed MeV electron flux buildups in
the outer magnetosphere, which is frequently ob-
served during the recovery phase of geomagnetic
storms.

The interest in these events arises in part be-
cause of the increasing evidence of the correla-
tion between the occurrence of these fluxes and of
subsequent spacecraft operating anomalies or fail-

ures, especially at geosynchronous altitude. The
prediction and mitigation of these effects should
be possible when the causes of the flux buildups
are understood (Baker, 1996). In addition, be-
cause of the apparent complexity of these mecha-
nisms, their understanding will contribute signif-

et al., 1997) has lead to a revival of relativistic
electron research.

Some of the first work in this field was by
Williams (1966) who related periodic increases in
the trapped relativistic electron populations to in-
creases in the solar wind kinetic energy density.
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Figure 1. Example of relativistic electron enhancement at geosynchronous orbit following the March 1998

magnetic storm.

Other early work was performed by Paulikas and
Blake (1979), who noted the connection between
relativistic electron fluxes, magnetic storms and
solar wind speed. The most extensive body of
observations come from geosynchronous satellites
(LANL, GOES). The characteristic and puzzling
behavior is shown for example by the March 1998
magnetic storm (Figure 1). A flux dropout is ob-
served during the main phase of the storm, fol-
lowed by a build up of relativistic electrons to flux
levels significantly higher than before the storm.
The peak in the response is typically one to three
days after the storm main phase, in the middle
of the ring current recovery phase. In this ex-
ample the 1.8-2.5 MeV channel (blue) increases
by over two orders (!) of magnitude three days
after onset. The delayed response was originally
explained by the recirculation model of Fujimoto
and Nishida (1990).

Recent, more detailed observations of the
storm-time dynamics of relativistic electrons have
revealed very fast (< 3 hours) relativistic en-
hancements deep in the inner magnetosphere
which are not consistent with the original recir-
culation idea, which predicts a much slower rise.
This was first noted by Reeves et al. (1998) in a
multi-satellite case study of the May, 1997 storm.
Figure 2 shows the storm-time dynamics as ob-
served by GPS during that storm. The top panel
shows the classical dropout and delayed enhance-
ment near geosynchronous. Further inwards near
L = 5 the response is more rapid followed by
a slight increase over the next few days, while
near L = 4 the enhancement is rapid, within the
time resolution of the GPS orbit (passing through
perigee at L = 4 every 6 hours). Multiple GPS
satellite measurements have shown that this in-
crease at L = 4 can occur within three hours or
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Figure 2. Example of relativistic electron enhancement at various L-values as

the May, 1997 storm.

less (Tom Cayton, private communication).
Another puzzling aspect of these increases has
been the range of dynamical responses observed.
In a study of the relationship of relativistic elec-
tron enhancements at geosynchronous with geo-
magnetic storms (Reeves, 1998), it was shown
that while in general enhancements accompany
storms, the magnitude of any given enhancement
can vary over a wide range for any given storm
strength as measured by Dst. Figure 3 shows the
range of relativistic electron enhancements seen
at geosynchronous orbit as a function of storm
main phase Dst. It seems that for any given
storm “strength” (as measured by Dst) a wide
range of relativistic electron responses are possi-
ble and that the relationship between any control-
ling input parameters in the solar wind, terrestrial
activity indices and the relativistic flux enhance-
ments are not obvious. As one of us has repeat-
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Figure 3. Relationship of relativistic electron

enhancements at geosynchronous to strength of
storm as measured by Dst, for all storms from
1992 to 1995 (Reeves, 1998).
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Figure 4. Example of relativistic electron losses in the May to June 1999 period. Shown are Dst (a)
and data from GPS NS33 at two cuts through the magnetosphere, (b) near L = 4.25, and (c) near

geosynchronous.

edly stated, “If you’ve seen one storm, you’ve seen
one storm!”.

While most of the attention has been fo-
cused on understanding the flux increase mecha-
nisms, data from the sub-geosynchronous regions
has shown many unexplained flux decreases, or
“losses”. These most commonly occur at storm
onset (such as seen in the lower energy channels of
Figure 1) but also at other times which may not
be related to classical storm onset activity (such
as on March 16 in Figure 1). Work by Kanekal
et al. (1999) has shown good correlation between
measurements in a given L shell between PO-
LAR and SAMPEX in the drift loss cone, which
is strong evidence for significant loss into the
upper atmosphere. While precipitation may be
the predominant loss process at some time here,
other processes may be acting at other times, such
as magnetopause shadowing (Kistler and Larson,

2000) or adiabatic detrapping in magnetic field
inhomogeneities (Imhof et al., 1978). An intrigu-
ing example of losses in the inner magnetosphere
is given in Figure 4 which shows data from a
very quiet period during May to August 1999.
The stepwise decreases in the relativistic electron
channels measured by GPS near L = 4 are very
clear. At geosynchronous losses are brief, followed
by recovery, while near L=4 the losses are perma-
nent, and fluxes decrease in a stepwise fashion.
The main body of this review is structured
into four sections. We first review previous ob-
servations of relativistic electron events (Section
2), which has led to the development of several
ideas and theories about relativistic electron ac-
celeration in the inner magnetosphere. The most
prominent ideas are presented and compared in
Section 3. We then look at a body of work that
treats these relativistic electron buildup events



in a statistical manner, trying to establish which
controlling conditions in the solar wind and/or
magnetosphere lead to geoeffective relativistic
electron buildups (Section 4). Finally, we will
present some recent research into relativistic elec-
tron losses (Section 5).

We cannot claim completeness in our approach
but hope to present the major observations, pro-
posed mechanisms and statistical studies in the
field of relativistic electron dynamics. This is not
intended to be an exhaustive review, but rather
a report on the status of an ongoing active area
of inner magnetospheric research.

2. Observations

As in any field of magnetospheric research, cur-
rent theories, mechanisms, and models are based
on a large volume of observational data. In ad-
dition to the studies mentioned elsewhere in the
text, we give here a brief and not exhaustive sum-
mary of some of the key observations that have
influenced current understanding of relativistic
electron dynamics.

The earliest extensive observations come from
geosynchronous orbit. The first science satellite
in geosynchronous orbit was ATS-1 launched in
1966. Paulikas and Blake (1971) compiled a de-
tailed report on some of the early work on the
particle environment at synchronous orbit. Baker
et al. (1988) and Cayton et al. (1989) presented
further comprehensive measurements of relativis-
tic electrons at geosynchronous orbit based on
the Los Alamos geosynchronous measurements.
Based on these data Baker et al. (1989) found
relativistic electron butterfly pitch angle distri-
butions observed near geosynchronous local noon
and speculated that these are consistent with the
Nishida (1976a) recirculation process.

In the 1990s the advent of multi-satellite event
analysis and the shock injection of the March 24,
1991, storm was instrumental in causing a resur-
gence of community interest in relativistic elec-
trons. This event has been well modeled (Li et al.,
1993; Hudson et al., 1997), but this type of event
is comparatively rare. Extensive work on shock
acceleration has been also been done for the great
storm of January 10, 1997 (Li et al., 1998b).

There have been several other case studies that
also investigated the relativistic electron response
during storms: The US National Space Weather
event, the November 1993 storm (Li et al., 1997a;
Knipp et al., 1998), and the US NSF (National
Science Foundation) GEM (Geospace Environ-
mental Modeling) storms of May 1997 (Li et al.,
1999) and January 1997 (Selesnick and Blake,
1998; Reeves et al., 1998). The event-driven stud-
ies of the GEM inner magnetosphere storms cam-
paign in particular where instrumental in bring-
ing together observations and theory from a broad
spectrum of magnetospheric researchers to ad-
dress the problem of the relativistic electron dy-
namics.

Further work on the dynamics of relativistic
electrons was performed by Baker et al. (1994)
and Nakamura et al. (1998) who used SAMPEX
data to characterize the storm-associated rela-
tivistic electron acceleration and decay times in
the inner and outer radiation belts. While the
decay times were found to be consistent with slow
pitch angle diffusion and loss into the atmosphere
(5-10 days), the rise times (1-2 days) led the
authors to suggest that “the Earth’s magneto-
sphere is a cosmic electron accelerator of substan-
tial strength and efficiency.”

In a further examination of SAMPEX data
Nakamura et al. (1995) and Blake et al. (1995b)
reported short, intense relativistic electron pre-
cipitation bursts at storm onset and argued for
the presence of a strong scattering process. This
has been investigated in more detail by Nakamura
et al. (2000); Lorentzen et al. (2001) and Blake
et al. (2001).

While most of the previous authors noted an
association of solar wind velocity enhancements
with relaltivisitic electron enhancements, Baker
(1996) performed a more detailed correlation
study of outer zone relativistic electron changes
with upstream solar wind and magnetic field fea-
tures, which yielded a southward By (or storm-
time) dependence and a good correlation with so-
lar wind speed. This idea was expanded when
Baker et al. (1997) examined relativistic electron
enhancements associated with recurrent geomag-
netic storms, which indicated that high-speed so-
lar wind streams are geoeffective in producing re-



laltivisitic electron enhancements. Obara et al.
(1998) investigated the effects of the interplane-
tary magnetic field on the enhancement of rela-
tivistic electrons during the storm recovery phase
and confirmed the results of Baker et al. (1997).

Fung and Tan (1998) analyzed the low al-
titude trapped relativistic electron data from
the Japanese OHZORA satellite during mag-
netic storms and correlated them with solar wind
speeds. The 2.5-day, 13-day, 27-day and 54-
day correlation peaks previously reported for en-
ergetic electrons near geosynchronous orbits are
also clearly seen, suggesting a good coherence be-
tween relativistic electron measurements at dif-
ferent regions in the magnetosphere.

Rostoker et al. (1998) identified a close and con-
sistent association between large-scale ULF pul-
sations and the intensification of relativistic elec-
tron flux at geostationary orbit and speculated
that ULF waves may play a significant role in ac-
celerating electrons to relativistic energies. They
also noted that ULF waves tend to accompany
high speed solar wind streams.

Baker et al. (1998b,a) suggested that relativis-
tic electron production requires two ingredients: a
“seed” population of 100-200 keV electrons in the
outer magnetosphere and a long-duration, pow-
erful occurrence of ULF waves in the PC4-5 fre-
quency range. The former was to be supplied by
substorms during the main phase of the storm,
while the latter would then “pump up” the elec-
trons to relativistic energies. The requirement of
a “seed” population received further support in
a case studies of the May 2, 1998 storm (Obara
et al., 2000a; Blake et al., 2001) and the Novem-
ber 1993 storm (Obara et al., 2000b).

In a further search of “classes” of storms that
led to relativistic electron enhancements, Kanekal
et al. (2000) examined the relativistic electron re-
sponse for the class of magnetic storms caused
by magnetic clouds in 1997 and noted that en-
hancements tend to occur over a broad range of
L-values suggesting a global nature of the under-
lying acceleration mechanism.

Studies which treat the relativistic electron dy-
namics from a more statistical point of view are
covered in Section 4.

3. Relativistic electron buildup

Relativistic electron enhancements can be sep-
arated into three general “classes” of events. All
are associated with magnetic storms:

A. Shock acceleration. These are associated
with very large magnetic storms but are compar-
atively rare. While Li et al. (1993) was able to
model in detail the great shock event of March
24, 1991, this remains a unique event. In spite
of a wealth of ISTP observations of the effects
of shocks impinging upon the magnetosphere, no
such creation of a new radiation belt has since
been observed. There remain several unanswered
questions here as to what conditions are required
for the shock mechanism to overwhelm all other
energetic electron processes; this, however, does
not fall within the scope of this review.

B. Slow buildup. These are the events first
studied, and are the generally considered to be
the “typical” response to high speed solar wind
streams (Baker, 1996).

C. Rapid buildup. These enhancements occur
in relation to many magnetic storms. These dy-
namics are common, but are as yet not fully un-
derstood.

Consistent with the complexity observed in the
dynamic behavior of common relativistic electron
buildup, several candidate mechanisms have been
proposed for both the fast and delayed buildup of
the MeV electrons in the magnetosphere:

1. Large scale recirculation in the magnetosphere
involving radial diffusion and pitch angle scatter-
ing (Fujimoto and Nishida, 1990);

2. Jovian electrons as a source for MeV electrons
in the magnetosphere during those times when
the interplanetary magnetic field lines connect
Jupiter and Earth (Baker et al., 1979, 1986);

3. small scale recirculation in the magnetosphere
involving radial diffusion and pitch angle scatter-
ing (Boscher et al., 2000; Liu et al., 1999);

4. electron cyclotron heating by whistler waves
(Temerin et al., 1994; Li et al., 1997a; Summers
et al., 1998);



5. adiabatic effects in a storm recovery as the
earthward motion of flux surfaces during the
Dst decay energizes electrons and ions (Kim and
Chan, 1997; McAdams and Reeves, 2001);

6. enhanced radial transport through interaction
with ULF pulsations, which leads to inward trans-
port and adiabatic heating of electrons whose
drift frequency satisfies a resonance condition
with the pulsation frequency (Hudson et al., 1999;
Elkington et al., 1999);

7. diffusion of trapped energetic electrons in the
cusp into the radiation belts (Sheldon et al.,
1998);

8. enhanced earthward transport from = =~
—10REg to geosynchronous altitude of MeV elec-
trons by direct substorm injection (Ingraham
et al., 1999, 2000, 2001)

9. and by enhanced radial diffusion alone (Hilmer
et al., 2000; McAdams et al., 2001). Here the
diffusion mechanism is left unspecified, but the
authors argue that on the basis of the phase space
density gradients observed radial diffusion alone
(no recirculation) could account for the observed
flux increases.

These mechanisms fall broadly into two cate-
gories. Those which rely on an increased source
population and/or radial transport only (2, 5, 8,
9), and those which propose a magnetospheric
“source” or internal acceleration mechanism (1, 3,
4, 6). We examine each of these proposed mech-
anisms in turn below.

3.1. Large scale recirculation

Fujimoto and Nishida (1990) applied the recir-
culation model that was originally proposed for
trapped energetic electrons in the Jovian magne-
tosphere (Nishida, 1976a) to energetic electrons
in the earth’s magnetosphere. The main feature
of this model was to combine conventional radial
diffusion with the essentially energy preserving
cross-L diffusion at low altitudes. The schematic
of the proposed model is presented in Figure 5.
Sentman et al. (1975) added pitch angle scatter-
ing near the equator to this process, thereby pro-
viding an added mechanism to move electrons to
lower altitudes along a field line. They suggested
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Figure 5. The model Earth magnetosphere
used in the recirculation model of Fujimoto and
Nishida (1990).

that some particles could reach very high energies
by going through this process repeatedly. The
idea of particle acceleration by multimodal diffu-
sion had been proposed before by several authors
(Roederer, 1970; Schulz and Lanzerotti, 1974).
The main problem with this recirculation
model is the low-altitude cross-L diffusion part
of the recirculation loop. Fujimoto and Nishida
(1990) refer to “ULF turbulence observed in the
high latitude ionosphere” as being potentially re-
sponsible for this diffusion. At low altitude and
high magnetic field strengths cross—L diffusion by
any mechanism is difficult as particles are very
rigidly guided by the magnetic field and ULF
waves at low L are less than 0.1% of the ambi-
ent magnetic field strength. Scattering can occur
by interaction with the neutral atmosphere near
the mirror points, but this process leads more to
loss than cross—L diffusion. In the model the low
altitude diffusion is needed as the magnetic field
strength remains virtually constant across small
variations in L, allowing for constant energy diffu-
sion while effectively moving the electron radially
out at the equator. Furthermore, the recircula-
tion loop is slow (as it involves radial transport
over several Rp); consequently, while this ade-
quately explains the delayed flux enhancements



seen at geosynchronous orbit (Figure 1) and is the
main strength of the model, it does not explain
the more recently observed rapid enhancements
at lower L (Reeves et al., 1998) (Figure 2).

3.2. Jovian electron source

Nishida (1976b) showed that trapped ener-
getic particles from the Jovian radiation belts
can at times undergo enhanced outward diffusion
and leak into the interplanetary medium. Baker
et al. (1979, 1986) then proposed that, during
times when the Earth and Jupiter are on the
same branch of the interplanetary magnetic field
(Parker spiral), these Jovian electrons can enter
the terrestrial magnetosphere and could form a
source of the observed relativistic electron popu-
lation. While this may explain the presence of rel-
ativistic electrons in the Earth’s magnetosphere,
it cannot explain the storm-time dynamics; af-
ter all, geomagnetic storms occur independent of
any Earth-Jupiter “connectivity”. While there is
evidence that Jovian electrons can be observed
on the open magnetic field lines of the polar cap
(Figure 6 (Kanekal et al., 1998)), the contribution
to the trapped fluxes in the main body of the
radiation belt is negligible. Figure 6 shows the
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Figure 6. SAMPEX measurements of relativistic
electron rates in the polar cap L > 10, together
with relativistic electron data in the solar wind
from IMP-8.

relativistic electron fluxes observed in the solar
wind, showing clear cyclical increases associated
with the times of interplanetary magnetic field
connection with Jupiter. The same variation can
be observed in the Earth’s polar caps. However,
the level of flux is very low, and this association
disappears in the inner magnetosphere.

3.3. Small scale recirculation

The original recirculation model by Fujimoto
and Nishida (1990) cannot explain the rapid flux
enhancements observed near L = 4. Work by
(Boscher et al., 2000; Liu et al., 1999; Summers
and Ma, 2000) has taken the recirculation idea
further and applied it on a smaller spatial scale.
This is based on the recognition that in the si-
multaneous presence of both pitch angle and ra-
dial bi-directional diffusion there will always be a
path for some electrons to gain energy. The differ-
ences in the various approaches are the physical
mechanisms that lead to radial and pitch angle
diffusion.

3.3.1. The Salammbé model

In the Salammbo diffusive radiation belt code
(Beutier and Boscher, 1995; Bourdarie et al.,
1996; Boscher et al., 2000) radial diffusion is mod-
eled by activity-dependent electric and magnetic
field fluctuations, while pitch angle diffusion is
modeled by wave-particle interactions with hiss
near the plasmapause. Figure 7 attempts to il-
lustrate the recirculation process in a schematic
manner. Diffusion is relatively fast and predomi-
nates beyond L = 4. Inward of L = 4 diffusion is
relatively slow and pitch angle diffusion predom-
inates, leading to electron precipitation and loss.
At the boundary where both processes are compa-
rable, electrons can undergo many cycles of cou-
pled radial and pitch angle diffusion: Inward ra-
dial diffusion is followed by pitch angle scattering
to lower pitch angles, outward radial diffusion at
higher latitudes and subsequent pitch angle scat-
tering to higher pitch angles. While both scatter-
ing processes have a preferred directionality they
are bi-directional processes, so that a given frac-
tion of electrons undergo this cycle. Energy gain
occurs because the pitch angle scattering process
tends to preserve energy (momentum scattering



Figure 7. Schematic of radial and pitch angle dif-
fusion processes and their directionality and rel-
ative strengths.

only) while the electrons gains more energy due
to adiabatic heating on inward radial transport
at the equator than it loses on outward transport
at higher latitudes.

In this way an electron can undergo many small
recirculation loops locally, which can explain the
rapid build-up of relativistic electrons near L = 4,
while the subsequent delayed increase at geosyn-
chronous is explained by the outward diffusion
time scales. Figure 8 shows the Phase Space den-
sity (PSD) profiles predicted by the code as a
function of p which shows a clear PSD peak near
L=4.

A detailed comparison of Salammb6 model
performance with GPS in-situ measurements is
shown in Figure 9. The Salammbd code is run
with LANL geosynchronous data as boundary
condition (electrons up to several hundred keV)
and Kp as input, which parameterizes radial dif-
fusion strength and plasmapause position. Figure
9 compares the model outputs at 1.5 MeV and
400 keV to the radial cuts measured by GPS in
the same energy range. Since the code does not
include losses due to dropouts, it is started from
a quiet, stationary state. Both energy ranges are
well reproduced in the code, the relativistic elec-
tron channel showing the rapid enhancement at
L = 4 and the slower, delayed increase at higher
L-values.
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3.3.2. Magnetic pumping by ULF waves
Liu et al. (1999) presented a detailed theoreti-
cal study of an internal acceleration mechanism
by large scale ULF waves, to explain the obser-
vations of Rostoker et al. (1998). This new mag-
netic pumping mechanism seeks to “speed up”
by replacing the slow radial diffusion steps of the
Fujimoto and Nishida (1990) recirculation model
with faster means to achieve global recirculation.
Using global ULF waves as an alternate transport
mechanism, the slow, meandering of radial diffu-
sion (taking days) is replaced by the fast, convec-
tive E x B drift which accelerates the recircula-
tion cycle to the timescale of the waves (minutes).
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Figure 9. Salammbo6 run for the September 1998 storm.

Furthermore, there is no need for an exclusive
cross-L displacement at low altitudes (Fujimoto
and Nishida, 1990), as ULF waves will recycle
particles at at all points along a field line; the
large scale recirculation is replaced by the sum of
many small recirculation loops.

From indirect estimates Liu et al. (1999) show
that with a reasonable choice of ULF wave ampli-

tude, a flux level of 103cm~2s—1sr~! for > 1 MeV
electrons can be generated at geostationary orbit
in a time frame of 2.4 to 5.3 hours.

This theory is still at the developmental stage,
mainly because of the over-simplified treatment
of pitch angle diffusion as a homogeneous process
independent of space, energy, and pitch angle.



3.3.3. Electron cyclotron heating

The basic concept of energy diffusion of rela-
tivistic electrons resulting from resonant interac-
tions with whistler mode waves in the magneto-
sphere was originally discussed by Temerin et al.
(1994) and Li et al. (1997a). Horne and Thorne
(1998) identified potential wave modes that are
capable of being in resonance with the impor-
tant electron energy range of 100 keV to a few
MeV. The principal waves are L mode electro-
magnetic ion cyclotron (EMIC) waves, oblique
magnetosonic waves, and R mode whistlers.

Work by Summers et al. (1998) included this
concept in their proposed model. This model
is based on diffusion coefficients for gyroreso-
nant electron-whistler mode wave interaction, a
source representing substorm-produced (lower-
energy) seed electrons, and a loss term represent-
ing electron precipitation due to pitch angle scat-
tering by whistler mode and EMIC waves.

Figure 10 gives a schematic description of the
regions where enhanced levels of both EMIC and
whistler mode chorus occur during a storm. In
this picture, the wave activity can account for
both the loss and subsequent acceleration of rel-
ativistic electrons.

Intense EMIC waves are excited near the dusk-
side plasmapause (as a result of cyclotron res-
onance with anisotropic ring current H* ions).
These waves can cause rapid pitch angle scatter-
ing of trapped 2 1 MeV electrons, which can con-
tribute to the main phase depletion of these elec-
trons throughout the outer zone. Even though
the scattering region is limited, loss times in the
order of hours can be obtained. Observational
evidence (Lorentzen et al., 2001) shows a clear
preference of precipitating microburst near dawn
as observed by SAMPEX; which could be related
to the chorus location in Figure 10.

Chorus emissions can be excited by substorm
activity during the storm recovery, which can also
maintain modest levels of EMIC waves. Electrons
in the outer zone can interact with both types of
waves, which in turn leads to diffusion in pitch
angle and energy, leading to a process of stochas-
tic acceleration (Summers and Ma, 2000).

In the model calculation performed by Sum-
mers and Ma (2000), assuming reasonable param-
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Figure 10. Schematic diagram showing spatial
distribution of whistler mode chorus and EMIC
waves during magnetic storms in relation to the
position of the plasmapause and the drift paths
of ring current (10 — 100 keV) electrons and ions
an relativistic (~ 1 MeV) electrons. This map
is taken from Summers et al. (1998); the regions
of wave activity are determined empirically from
published data.

eters for whistler mode waves, background plasma
density and other model parameters, they ob-
tained the observed high-energy steady state dis-
tributions on the timescale of 3-5 days. The grad-
ual acceleration process formulated by Summers
and Ma (2000) is not intended to apply to ma-
jor storms which produce enhancements on the
order of hours. However, this mechanisms may
well be particularly effective for small, moderate
magnetic storms with long recovery phases that
have plenty of substorms.

Other theoretical work (Roth et al., 1999) ex-
tends the theory of Summers and Ma (2000) to
include whistler waves propagating obliquely to
the magnetic field. If the wave is traveling only
parallel to the magnetic field, only the lowest
order resonant interactions (cyclotron and Lan-
dau) produce changes in electron pitch angle and
energy. Oblique propagation enables higher or-
der resonant interactions whenever the Doppler
shifted wave frequency equals any integer mul-
tiple of the local gyrofrequency. For relativistic
electrons moving along an inhomogeneous mag-
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netic field there exist typically several harmonic
interactions, and since the gyroradius of the elec-
tron may be of the order or greater than the per-
pendicular wavelength, the strength of the inter-
action at the higher harmonics is of the same or-
der as at the fundamental. The simulations per-
formed by Roth et al. (1999) indicated that this
process alone may contribute to a 10-100 fold
increase in the relaltivisitic electron flux in the
outer radiation belt, at time scales of 30-60 min,
sufficient to also explain the observations of fast
relativistic electron enhancements.

Both these whistler wave related processes de-
pend on substorm injections of a 10-100 keV
“seed” population, which act both as seed for sub-
sequent, acceleration and lead to an increase in
whistler wave intensity. This forms an interest-
ing link between substorm generated waves and
enhancements of relativistic electrons during geo-
magnetic storms and other active periods.

3.4. Dst effect

During the course of a magnetic storm the ring
current increases drastically due to the trapping
of fresh plasma-sheet material in the inner mag-
netosphere (Williams, 1987; Korth et al., 2000).
The ring current then decays at a slower rate.
The Dst index is a proxy for this process. The
ring current itself induces an magnetic field that
adds to the Earth’s ambient field. It is this in-
duced change that can affect the flux levels of en-
ergetic particles at a given location, as they will
rearrange themselves in order to preserve their
third adiabatic invariant. This can lead to lo-
cal increases or decreases of the observed particle
population (Kim and Chan, 1997). This is an
adiabatic process which does not lead to a net
energy gain or loss, but it is mentioned here for
completeness as it might have the appearance of
an energy gain or loss. In studying the response
of relativistic electrons during storms this effect
has to be taken into account and “subtracted out”
to reveal the true dynamics. Figure 11 shows the
effect of this for data from the November 2, 1995
storm. This shows that the corrections due to
Dst are largest around onset, leading to a smaller
actual flux dropout that suggested by the uncor-
rected data. McAdams and Reeves (2001) also
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Figure 11. LANL geosynchronous data for two
energy ranges 0.6-0.9 and 0.9-1.4 MeV) for the
November 2, 1995 storm. Solid lines are actual
data, dashed line data corrected for Dst according
to the Ding-Toffoletto-Hill field model. From Kim
and Chan (1997).

incorporated the Kim and Chan (1997) Dst cor-
rection into their work and showed that there is a
residual net flux increase of relativistic electrons
when the Dst effect has been subtracted.

3.5. Direct heating by ULF

The observed association of ULF waves and
relativistic electron enhancements (Baker et al.,
1998b,a; Rostoker et al., 1998) have also led to an
alternate approach to Liu et al. (1999) in explain-
ing the role of ULF waves in relativistic electron
enhancements.

In MHD/particle simulations of the January
1997 event Hudson et al. (2000, 1999), inward ra-
dial transport and adiabatic acceleration of outer
zone electrons was compared with in situ ob-
servations over a period of several hours. Fol-
lowing the observation of large-amplitude, near-
monochromatic ULF oscillations in the H com-
ponent of the magnetic fields at College and
Gakona, Alaska during this period, a spectral
analysis of the MHD fields used to drive the
simulations was undertaken. The mode struc-



ture obtained in this analysis led to the pro-
posal that electrons could be adiabatically accel-
erated through a drift-resonance via interaction
with toroidal-mode ULF waves (Hudson et al.,
1999). This is a rare case of modeling work lead-
ing to the proposal of a new physical mechanism.

Elkington et al. (1999) performed a quantita-
tive investigation into the nature of such drift-
resonant acceleration, by tracking particle trajec-
tories in a simplified field model consisting of a
compressed dipole and global, toroidal-mode Pc-
5 ULF waves. In such an asymmetric magnetic
field, a particle with drift frequency wq satisfying
(m £ 1)wyg —w = 0 will gain energy through drift-
resonant interaction with toroidal-mode waves of
frequency w and global mode number m. Their
proposed acceleration mechanism is illustrated
in Figure 12. In this example, an equatorially-

Figure 12.  Electron drift path (compressed
dipole) with electric fields indicated for an m=2
mode. Solid arrows indicate the electric field at
t=0 for an electron starting at dusk, while the
dashed arrows indicate the electric field direction
half a drift period later (Elkington et al., 1999).

mirroring electron in a compressed dipole inter-
acts with a global m=2 toroidal-mode wave of
frequency w. At t=0 the electric fields are indi-
cated by the solid arrows. An electron starting at
dusk and moving with a drift frequency wy = w
would first see a positive radial electric field while
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undergoing negative radial motion and half a drift
period later a negative electric field while moving
radially outward (dashed arrows). The resulting
product E,.dr is therefore negative over the orbit
of the electron, leading to a net energy increase.

The addition of a convection electric field to
this process is what makes it possible to acceler-
ate particles in bulk using resonance with toroidal
waves. Without the effect of the convection fields,
particles on one side of the resonance would gain
energy while particles on the other side of the
resonance would lose energy, resulting in a bulk
acceleration limited to that arising from energy
asymmetries in the resonant island. The addition
of the convection electric field makes it possible
to accelerate particles regardless of their initial
phase. In principle it is possible to adiabatically
accelerate electrons with 10-100 keV energies at
the magnetopause to MeV energies in the inner
magnetosphere, using drift-resonant acceleration
and a strong convection electric field. For exam-
ple, an electron with an initial energy of 80 keV
at 10 Rg at local noon would have an energy
around 200 keV at geosynchronous, and exceed-
ing 1.1 MeV at 3 Rg (Elkington et al., 1999).

The results of a sample simulation are shown
in Figure 13 which shows the average particle en-
ergy in (b),where it is clear that there has been
bulk energization, while (a) shows the later phase
bunching, resulting from the effect of radial elec-
tric fields on the azimuthal drift velocity of par-
ticles.

3.6. Substorm acceleration

Substorms are generally associated with the in-
jection of electrons of energy up to only a few
hundred keV (Cayton et al., 1989; Baker et al.,
1989). Successful modeling of an electron sub-
storm injection up to a few hundred keV has been
done (Birn et al., 1998; Li et al., 1998a; Zaharia
et al., 2000).

Ingraham et al. (1996, 2001) give evidence that
strong, repetitive substorms (such as occurred in
the recovery of the March 24, 1991, storm) can di-
rectly transport MeV electrons to geosynchronous
altitude from = ~ —10Rg.

Figure 14 shows the data for two pitch an-
gle ranges over the 1.5 day period of the MeV
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Figure 13. (a) Particle positions for a ring of near-geosynchronous particles moving in a 2 mHz, 3 mV/m
toroidal oscillation with an imposed dawn-dusk convection electric field of 5 mV/m. (b) Average particle
energy for particles depicted in (a), as a function of wave cycle. (from Elkington et al. (1999)).

electron population buildup (Ingraham et al.,
2001). The near-perpendicular pitch angle elec-
trons show a clear correlation with substorm ac-
tivity, leading to a flux enhancement which is
superimposed on a slower, more general flux in-
crease. The tendency of the substorm electrons
to form a “pancake” pitch angle distribution at
the time of injection has long been recognized
(Baker et al., 1978). This is the natural conse-
quence of the electrons being transported from
deeper in the tail to geosynchronous altitudes by
the substorm inductive electric field while con-
serving p and J, since the near-perpendicular
pitch angles are energized more efficiently than
the near-parallel pitch angles (Schulz and Lanze-
rotti, 1974).

While this clearly shows that substorms can
contribute to relativistic electron buildup, the

question of what supplies the mid-tail source pop-
ulation for this process remains unsolved.

3.7. Cusp source

Sheldon et al. (1998) presented observations
of energetic electrons in the Earth’s outer cusps,
and speculated about possible acceleration mech-
anisms in the cusp. They showed that the phase
space densities observed there are equal or greater
than the phase space densities observed in the ra-
diation belts at constant magnetic moment, thus
allowing the possibility of diffusive filling of the
radiation belts from the cusp. Fritz et al. (2000)
sees the cusps as a possible major source of ener-
getic particles for the inner magnetosphere.

3.8. Enhanced radial transport
One of the consequences of the internal acceler-
ation mechanisms (Sections 3.3, 3.3.3, and 3.5) is
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Figure 14. 12-minute average pitch angle distri-
bution data for lower-energy (0.075-0.105 MeV)
and for higher-energy (1.10-1.50 MeV) electrons
from the SOPA on 1989-046. Near-parallel pitch
angles (open circles), and near-perpendicular
pitch angles (X’s). Vertical lines indicate the
times of substorm injections as determined from
direct measurement, or from a dipolarization
measured by a GOES magnetometer. From In-
graham et al. (2001).

a fairly localized increase of the relativistic elec-
tron phase space density (PSD). In the case of
the Salammb6 code simulations, the location of
the increase is tied to the plasmapause location
and is predicted by the code (See Figure 8). For
other mechanisms the precise location is not spec-
ified and/or may be more globally distributed.

With our current spatial and instrumental cov-
erage of the inner magnetosphere we are not able
to measure the PSD globally. We need good 3-D
measurements of the particle distribution func-
tion and knowledge of the local magnetic field,
and often we have neither, which increases our
reliance on particle and magnetic field models to
“extend” our measurements; and use of magnetic
field models and/or assumptions about the parti-
cle pitch angle distribution bring with them their
own set of uncertainties and problems.

However, it is the slope of the PSD profiles
alone that can unambiguously show the direction
of diffusive transport, while maxima of the PSD
indicate source locations. The question of trans-
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port from an external source versus internal ac-
celeration could be simply answered if we knew
the PSD globally in the inner magnetosphere.

Selesnick and Blake (2000) used data from
the POLAR spacecraft to track the PSD dur-
ing storms. POLAR yields non-equatorial cuts
through the radiation belts, roughly every 10
hours. To compare these radial profiles they had
to be transformed to an equatorial reference plane
by use of a magnetic field model. They found
that depending on the model used a wide variety
of PSD profiles, including both inward and out-
ward directions for the radial gradients, could be
found.

Hilmer et al. (2000) and McAdams et al. (2001)
used data from GPS at its equatorial crossing
near L. = 4.2 and LANL geosynchronous satel-
lites near L = 6.6. This yields at least two points
on the curve of the equatorial PSD. For all the
storms examined by these authors (34) the PSD
at geosynchronous (L = 6.6) was found to be
always larger than that at GPS at the equator
(L = 4.2). Figure 15 shows the PSD at LANL
and GPS for one of the four storms examined
by McAdams et al. (2001). For all four storms
the gradient in phase space density is larger at
smaller . At lower values of u the phase space
density decreases with time and the gradient re-
mains nearly constant. At higher values of u the
phase space density increases or remains nearly
constant. The increase is more rapid at L ~ 4.2;
so the gradient decreases with time. This is con-
sistent with the findings of Brautigam and Al-
bert (2000), who used data from CRRES and es-
timated PSD profiles throughout the October 9,
1990, magnetic storm. They found that radial dif-
fusion propagates the outer boundary variations
into the heart of the outer radiation belt, account-
ing for both significant decreases and increases in
the <1 MeV electron flux throughout that region.

Li et al. (1997b) investigated a possible solar
wind source for energetic particles. In a first
simple approach they compared the phase space
densities in the solar wind to those at geosyn-
chronous, under the assumption that the PSD
is preserved by whatever entry mechanism takes
place. They found that the solar wind would not
be a sufficient source for the observed inner mag-
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Figure 15. Phase space density (cm~2 st
MeV~2) at constant p at L = 4.25+0.125 (GPS,
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ferent values of u (in MeV/G). Panels show the
phase space density for the two L shells at increas-
ing values of p for May 1997. From McAdams
et al. (2001).

netospheric PSD levels.

In a more recent work Li et al. (2001) devel-
oped a model to predict MeV electrons at geosta-
tionary orbit on the basis of solar wind measure-
ments. This model depends only on a mid-tail
source and radial diffusion. The model has radial
diffusion coefficients which depend on the solar
wind velocity, the southward component of the

interplanetary magnetic field, and on solar wind
velocity fluctuations. The controlling variable is
by far the solar wind velocity. The PSD at the
outer boundary at L=11 assumes a fairly constant
phase space density. This is probably unrealistic
but does not matter much since the variation of
the diffusion coefficients has a much larger effect
than the variation of the source population in-
tensity. The results of this model are shown in
Figure 16 for the first half of 1995. The top panel
shows the solar wind speed input featuring sev-
eral repetitive high speed solar wind streams. The
middle panel shows the derived radial diffusion
coefficients, and the bottom panel is a compari-
son between the model and data fluxes at L=6.6.
The prediction efficiency is 0.82 with a linear cor-
relation of 0.85, which is quite remarkable.

The model coefficients were obtained by “train-
ing” the model on 1995 and 1996 geosynchronous
data. The same static model coefficients were
then used for other years, which still maintained a
prediction efficiency of 0.80 over the whole 1995-
1999 data period.

While this model leaves the question open of
how a seed population for this process at L = 11
is maintained or produced, or transported into
the trapping region, the model performance, at a
minimum, makes a strong case that the processes
are predictable (i.e. not chaotic) and are based
on a low-dimensional solar wind input function.

4. Statistical work

The most exhaustive statistical study of the
geosynchronous response has been performed
by O’Brien et al. (2001). The authors used
the extensive geosynchronous data sets available
(GOES, LANL) to first establish a continuous
time line of 1-hr average energetic electron fluxes
mapped to a fixed noon reference point.

O’Brien et al. (2001) then performed a su-
perposed epoch analysis to determine which pa-
rameters in the solar wind and magnetosphere
have statistically significantly different character-
istics for magnetic storms that do versus storms
that do not generate relativistic electrons at
geosynchronous, referred to as “events” and “non-
events”. Magnetic storms selected in this study
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Figure 16. Most relevant solar wind and model parameters and model prediction/data comparison for
geostationary relativistic electron fluxes for the first half of 1995 (from Li et al. (2001)).

are for minimum Dst < -50 nT with a moder-
ate to low pre-storm flux. Relativistic electron
“events” are defined as those which have aver-
age post-minimum Dst fluxes higher than the pre-
minimum for a period 48 to 72 hours after mini-
mum Dst; “non-events” do not have higher post-
minimum Dst fluxes. The results are shown in
Figure 17, in black for the events, and gray for
the non-events. Panel (a) shows the two types of
relativistic electron response, with the before and
after responses being completely distinct after 12
hours. The lower energy electrons in panel (b) re-
spond above prestorm in both sets, implying an
energy-dependent mechanism. Panel (c) shows
solar wind velocity to be higher for electron events
compared to non-events almost throughout the
storm. Panel (d) is the one of most interest here
showing the ULF power as measured by ground
stations. The event and non-event traces become
most distinct 12 hours after Dst minimum: ele-
vated ULF power in a 12 period after storm onset
seems to be a good indicator of subsequent rel-
ativistic electron enhancements. The traces for
AE (panel e) and Dst (panel f) are not very dis-
tinct, with slightly higher activity levels for event

storms versus non-event storms. All quantities
apart from the solar wind speed depicted in Fig-
ure 17 are statistically similar at minimum Dst.
The solar wind result was the one noted before
(Paulikas and Blake, 1979; Baker et al., 1990), yet
the observed range of responses for similar solar
wind velocity “inputs” has always been puzzling
(Blake et al., 1997). Detailed statistical analysis
of the event and non-event distributions of Figure
17 has shown that the largest statistical difference
is obtained for ULF power 24 hours after mini-
mum Dst. 80% of events that have ULF thresh-
olds of 1000nT? or higher 24 hours after minimum
DST are effective in producing relativistic elec-
trons at geosynchronous. These statistical find-
ings also support the observations by Baker et al.
(1998b,a).

While these statistical studies might not shed
light on the exact mechanism of relativistic elec-
tron buildup, they nevertheless yield some useful
operational thresholds for predicting the geoeffec-
tiveness of a given storm in producing relativistic
electron buildups.
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5. Relativistic electron losses ure 4). However, a full description of the rela-
) ) ) ) tivistic electron dynamics must include the fast
Comp;‘irfztl.vely little attention has been paid to loss processes that are observed. Understanding
the relativistic electron flux dropouts/losses that and parameterizing these losses is necessary for

occur at storm onset and at other times (See Fig- any comprehensive model of relativistic electron



dynamics, such as the Salammbé diffusion code.

To study the loss processes, one needs to be
able to isolate them with regard to other known
activity that may also lead to loss (such as mag-
netopause shadowing (Kistler and Larson, 2000)
and the Dst effect (Kim and Chan, 1997)); this
can be most easily done during moderate or small
activity levels. The interesting problem here is
the following: If losses are not caused by magne-
topause shadowing or the Dst effect, then what
causes them?

In Section 3.3.3 EMIC waves were identified as
a possible cause of rapid pitch angle scattering
which could lead to loss (Summers et al., 1998),
and there is observation evidence of fast scatter-
ing into the loss cone (Lorentzen et al., 2001). It
is not known if this loss is sufficient to fully ex-
plain the observations.

Onsager et al. (2001, submitted) have investi-
gated in detail the response to a moderate (-80
nT Dst) magnetic storm (April 16, 2000). They
found that the > 2 MeV electrons drop fairly
abruptly but not simultaneously at different lo-
cal times. Figure 18 shows the development of
the flux dropout in local time using observations
from two GOES and three LANL geosynchronous
energetic particle detectors.

Onsager et al. (2001, submitted) argue that
initially the flux dropouts are due to the devel-
opment of local, tail-like magnetic field topogra-
phies, and not due to more global processes like
large-scale radial diffusion. They also showed
that lower energy electrons < 300 keV recover
fully while the > 2 MeV electrons can be per-
manently lost. This indicates that in addition
to the dropouts caused by tail thinning there is
an energy-dependent non-adiabatic process that
acted to remove these electrons from the trapping
region. This had also previously been discussed
by Imhof et al. (1978).

The event of Onsager et al. (2001, submit-
ted) showed the dropout to extend in as far as
L ~ 5. Observations by the GPS energetic par-
ticle sensors show these dropouts to be routinely
observed during moderate geomagnetic activity,
to L-values as low as 4.3 (T. Cayton, private
communication). The example shown in Figure 4
shows the step-wise relativistic electron losses ob-
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served by GPS between L = 4.0 and L = 4.5, in
response to very small storm activity (Dst ~ 30).
The losses in the inner region are unrelated to the
classical trapping boundary (Alfvén layer), which
for these energies and activity levels is beyond
the magnetopause. So what causes these losses?
As Onsager et al. (2001, submitted) noted, the
losses are related to stretched field topographies.
There have been some suggestions that the in-
creased field line curvature on stretched field lines
could lead to the breaking of the 2nd adiabatic
invariant and lead to de-trapping of the particle.
While this certainly can occur for protons, can
this be a process for highly relativistic electrons
also? Research in this area is ongoing.

6. Summary

From the material presented in this review it
becomes clear that the topic of energetic electron
dynamics in the inner magnetosphere is far from
being exhausted, even though energetic particle
measurements and the study of charged particle
motion in the Earth’s magnetic field are amongst
the oldest and best studied topics in our field.

With the recent advent of an increasingly dense
network of observations, both spatially and tem-
porally, the details of particle transport and ac-
celeration have revealed ever increasing complex-
ities. The challenge in this field remains to un-
ravel the comparative importance of all the var-
ious mechanisms that may operate at the same
time to yield relativistic electron enhancements.
Many of the processes described here are certain
to be active at some time during some storms -
the question that remains is, “Can we establish
which process is the most important during any
given storm - and why?”

From the early observations or relativistic elec-
tron enhancements and their correlation with pe-
riods of high solar wind velocity and the relatively
simple early recirculation models we have now
proceeded to a multitude of theories and possible
processes. Two classes of processes have emerged:
those that rely on some kind of internal acceler-
ation or recirculation mechanism and those that
rely on increased radial transport alone. For the
former, ULF waves seem to play a major role -
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both from their statistical significance in associ-
ation with relativistic electron events and from
the body of theoretical work that have yielded
both direct and indirect mechanisms involving
ULF waves that can lead to electron acceleration.
For the latter, there is some evidence that a suf-
ficient source of electrons in the mid-tail region
might be all that is needed, in the presence of
enhanced radial diffusion, to supply the magne-
tospheric fluxes that are observed at geostation-
ary orbit. However, diffusion alone does not seem
to reproduce fluxes at lower L and at L = 6.6.
Electron energization by radial diffusion below
L = 6.6 probably still occurs, but is no longer the
most important mechanism in this region. Some
or all of the other processes are probably occur-
ring at the same time, having a significant contri-
bution to the overall observed relativistic electron
enhancements in that region.

Full investigation of either class suffers from the
same experimental limitation. While we have am-

ple data to reveal the complexity of the dynamics,
we still do not have enough experimental infor-
mation to enable a comprehensive study of the
relative importance of the various mechanisms.
To do this we need to follow the global devel-
opment of the phase space density of relativistic
electrons throughout the inner magnetosphere, on
a time scale comparable to the acceleration and
loss processes (i.e. hours). This is especially dif-
ficult during disturbed times. For this we need
measurements of the particle pitch angle distri-
bution and accurate knowledge of the magnetic
field. The latter is the most critically missing in-
gredient here and the most enduring obstacle in
this field of research. The global magnetic field
structure during disturbed times is poorly mod-
eled. This makes estimates of the relativistic par-
ticle dynamics during disturbed time little more
than educated guesswork.

What is needed are high fidelity multi-point
measurements of both the magnetic field and



the full particle distribution function. Currently
the majority of measurements of relativistic elec-
trons come from relatively simple environmental
monitors that seldomly have direction informa-
tion, on board magnetic field measurements, or
both. And even given good coverage of magnetic
field measurements, we do not have any magnetic
field models at this time that could take advan-
tage of this data to produce an accurate, dyna-
mic, and global magnetic field model. Some of
these constraints will be addressed by current and
planned NASA missions, such as the Living With
a Star program (LWS) and the Inner Magneto-
spheric Constellation mission currently in Sun-
Earth Connection program.
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